Adaptation is a hallmark of hair cell mechanotransduction, extending the sensory hair bundle dynamic range while providing mechanical filtering of incoming sound. In hair cells responsive to low frequencies, two distinct adaptation mechanisms exist, a fast component of debatable origin and a slow myosin-based component. It is generally believed that Ca 2+ entry through mechano-electric transducer channels is required for both forms of adaptation. This study investigates the calcium dependence of adaptation in the mammalian auditory system. Recordings from rat cochlear hair cells demonstrate that altering Ca 2+ entry or internal Ca 2+ buffering has little effect on either adaptation kinetics or steadystate adaptation responses. Two additional findings include a voltage-dependent process and an extracellular Ca 2+ binding site, both modulating the resting open probability independent of adaptation. These data suggest that slow motor adaptation is negligible in mammalian auditory cells and that the remaining adaptation process is independent of calcium entry.
INTRODUCTION
Hair cells are mechanoreceptors of the inner ear, named for the bundle of actin-filled stereocilia on their apical surface (Hudspeth, 2005; Peng et al., 2011) . The stereocilia are arranged in a staircase pattern, with thin, filamentous tip-links spanning the distance between adjacent rows, such that deflection of the hair bundle toward its tall edge increases tip-link tension and opens mechanically gated ion channels (Pickles et al., 1984 (Pickles et al., , 1989 . Mechano-electrical transduction (MET) adaptation presents as a decrease in current during a constant stimulus, where further stimulation recovers the current (Crawford et al., 1989; Eatock et al., 1987) . Adaptation is implicated in setting the hair bundle's dynamic range, providing mechanical tuning, setting the hair cell's resting potential, providing amplification to an incoming mechanical signal, and providing protection from overstimulation (Eatock et al., 1987; Farris et al., 2006; Fettiplace and Ricci, 2003; Hudspeth, 2008; Johnson et al., 2011; Ricci and Fettiplace, 1997; Ricci et al., 2005) .
Fundamental hypotheses regarding hair cell adaptation originated from work in low-frequency hair cells contained in the frog saccule, turtle auditory papilla, and mammalian utricle Corey and Hudspeth, 1983a; Crawford et al., 1989 Crawford et al., , 1991 Eatock et al., 1987; Hacohen et al., 1989; Howard and Hudspeth, 1987) . Two components of adaptation, termed fast and slow (motor), are distinct in their operating range, kinetics, and underlying mechanisms (Wu et al., 1999) ; however, Ca 2+ entry via the MET channel drives both processes. To generate fast adaptation, Ca 2+ is postulated to interact directly with the channel or through an accessory protein (Cheung and Corey, 2006; Choe et al., 1998; Crawford et al., 1989 Crawford et al., , 1991 Gillespie and Mü ller, 2009 ); however, myosin motors Ic, VIIa, and XVa have also been implicated in regulating fast adaptation (Kros et al., 2002; Stauffer et al., 2005; Stepanyan and Frolenkov, 2009) . A long-standing slow adaptation model posits that movement of myosin isozymes up and down the stereocilia controls the tension sensed by the MET channels in a Ca 2+ -dependent manner (Assad and Corey, 1992; Assad et al., 1989; Holt et al., 2002; Howard and Hudspeth, 1987) .
Recent data questions whether motor adaptation is relevant to mammalian auditory hair cells. Myosin Ic, the presumptive adaptation motor, does not specifically localize to the upper tip link insertion site in mammalian auditory hair cells, and its expression during development does not match the onset of slow adaptation (Schneider et al., 2006; Waguespack et al., 2007) . Furthermore, the kinetics of myosin Ic do not fit the requirements of the model in terms of climbing and slipping rates (Pyrpassopoulos et al., 2012) . Additionally, MET channels are localized to the tops of stereocilia (Beurg et al., 2009) and not at the upper insertion site where myosin motors are thought to reside; therefore, it is unlikely that Ca 2+ entering through MET channels is directly responsible for regulating these motors. Finally, with only three rows of stereocilia, as compared to up to ten rows in low-frequency hair cells, the ability for Ca 2+ to influence adaptation via the upper tip link insertion site even indirectly by diffusion to the upper insertion site of the shorter stereocilia is limited to channels in the third row (Peng et al., 2011) . In this study, we directly investigate Ca 2+ 's role in regulating adaptation in mammalian auditory hair cells.
RESULTS

Diminished Slow Adaptation in Mammalian Auditory Hair Cells
In voltage-clamped hair cells, adaptation manifests itself in two ways, as a time-dependent decrease in current amplitude during mechanical stimulation and as a shift in the peak currentdisplacement (I-X) plot. We developed piezo-coupled devices that allow stimulation rates up to 30 kHz producing rise times as fast as 11 ms, resulting in very fast adaptation time constants. Clamp speeds averaging 28 ms and output filtering up to 100 kHz also allow for better resolution of adaptation kinetics than previously possible. Here, we used 50 ms step stimulations from À170 nm to 600 nm to measure both fast and slow adaptation processes in rat cochlear outer hair cells (OHCs; Figure 1A ). Current-displacement plots for the peak and steady state responses illustrate the adaptation shift ( Figure 1B ). Double exponential fits to each MET current response produced time constants ranging between 0.1 and 5 ms for bundle deflections eliciting up to $75% of the maximal current (Figures 1C and 1E) . Larger stimulations required three time constants (Figures 1C and 1D) with the third time constant ranging between 8 and 50 ms ( Figure 1E ). The two faster time constants likely underlie fast adaptation, as the sensitivity, operating range, and kinetics are most consistent with previous reports (Kennedy et al., 2003; Ricci et al., 2005; Waguespack et al., 2007) . The two time constants likely reflect the faster stimulus rise time rather than the existence of multiple mechanisms, given that the absolute values of these time constants do not change, but rather, the proportion of each varies with stimulus intensity. The slowest time constant may represent saturation of fast adaptation or recruitment of a distinct slower process. This mechanism contributes at most 30% of the total adaptation observed at maximal stimulations, with no contribution at stimulation levels eliciting less than 75% of the maximal current (Figure 1F ), in agreement with other reports in mammals (Kennedy et al., 2003; Ricci et al., 2005; Waguespack et al., 2007) . In contrast, low-frequency cells show near 100% motor adaptation contribution for maximal stimulations and 50% motor adaptation with 50% maximum stimulations (Wu et al., 1999) . Thus, mammalian data are consistent with the hypothesis that fast adaptation is the predominant mode of adaptation in mammalian auditory hair cells.
Voltage-Dependence of Adaptation
Depolarization reverses the MET current and eliminates Ca 2+ entry into stereocilia, and thus, provides a means to assess whether Ca 2+ is driving adaptation Crawford et al., 1989) . If Ca 2+ is required for adaptation, the time-dependent adaptation component will be eliminated at positive potentials and the current-displacement plot will shift leftward, so that most channels are activated at rest. These behaviors, observed in low-frequency hair cells, are the basis for existing models of adaptation Crawford et al., 1989; Pan et al., 2012; Ricci et al., 2000) . Here, we performed similar experiments in mammalian auditory hair cells to determine if Ca 2+ was required for adaptation. Figure 2A depicts activation curves generated in both rat OHC and inner hair cells (IHC) at À84 or +76 mV. The currents recorded at depolarized potentials mirror those at hyperpolarized potentials, in stark contrast to observations in low-frequency hair cell systems. The current-displacement relationships, fit with the equation for a double Boltzmann function, also changed little upon depolarization ( Figure 2B ). As discussed below, adaptation kinetics were minimally effected and the change in resting open probability was small. Together, these data suggest that the major component of adaptation in mammalian auditory hair cells does not require Ca 2+ entry through MET channels and are consistent with the hypothesis that motor adaptation is absent or limited in mammalian auditory hair cells. One confounding issue with the depolarization experiments was a slowly shifting resting open probability at positive potentials; as evident in the IHC response depicted in Figure 2A . The IHC resting open probability increased during depolarization, peaking about 500 ms into the stimulus and subsequently decreasing to a baseline over tens of seconds. There was no change in resting open probability at negative potentials. This shift was not as apparent in OHCs, likely because differences in the stimulus protocols. During the OHC recordings, the membrane potential was returned to À84 mV between each mechanical deflection, while IHCs were depolarized for the entire protocol. One possibility for the shift in baseline at positive potentials is that depolarization causes hair bundle movement, and introduces a bias resulting from the position of the stimulating probe to bias the hair bundle. To address this potential artifact, we maximally stimulated freestanding OHC hair bundles with a sinusoidal fluid jet ( Figure 2C ). The relative difference in resting open probability between a trace taken immediately after depolarization (green) and one taken 13 s later (blue) suggests that the shift is biologically driven and not an artifact of coupling to the stimulus probe. The shift recovers while at positive potentials and is unique to mammalian auditory hair cells ( Figure 2D ) because it does not occur in low-frequency hair cells (Ricci et al., 2000) .
Potential Artifacts
We next sought to rule out any artifacts due to differences in hair bundle shape, electrical properties, or movements of the tissue. In Figure S1 (available online), we demonstrate that probe shape and positioning are not responsible for fast adaptation. To remove adaptation at positive potentials required the hair bundle be biased toward the tall edge of the bundle resetting the baseline position so that little adaptation is evident at either positive or negative potentials (see Supplemental Experimental Procedures; Figure S1 ). Figure S2 ).
Several mechanical artifacts could potentially lead to an apparent Ca 2+ -independent adaptation. First, fluid coupling might be responsible for stimulation of the stereocilia before the physical contact between probe and hair bundle so that the hair bundle is stimulated by fluid during probe movement but relaxes back onto the probe when the probe stops moving.
To test this possibility, we used a stimulus protocol with two displacements, the first step produces an adaptation response that is not complete to ensure that the probe and hair bundle are directly coupled ( Figure 3A , red trace). The second stimulus occurs in tandem so that adaptation must be a result of probe hair bundle coupling. If fluid coupling were an issue, adaptation would be seen with the first displacement but not the second. In four OHCs, the stimulus paradigm elicited robust adaptation at +76 mV for both steps, supporting the conclusion that the observed adaptation was not an artifact. A second potential artifact is indirect reduction of force at the channel due to epithelial movement during the stimulus. To assess epithelial movements, the image of an adjacent hair bundle was projected onto a photodiode motion detector during hair bundle stimulation. In three IHCs tested, movements of less than 3 nm were observed ( Figures 3B-3D ). An enlarged view shows a strong correlation between MET current fluctuations and the filtered diode signal, demonstrating sufficient diode sensitivity for the measurement ( Figure 3C ). The small movements observed accounted for an adaptive response of less than 2%, while the percent of current adaptation was > 50%, therefore epithelial movement cannot account for adaptation at positive potentials ( Figure 3D ).
A third potential mechanical artifact was movement of the recorded hair cell apical surface within the epithelium during hair bundle deflection. As the photodiode cannot separate probe movement from hair bundle movement in the stimulated hair cell, we used high-speed confocal imaging of dye-filled (Alexa 594) hair cells to identify any movements at the apical surface. Figures 3E-3J summarizes these data. Examples of images obtained prior to and during stimulation for large and small movements are presented in Figures 3E and 3H . In Figure 3E , the probe was placed on the hair bundle and displaced with two step sizes (250 nm and 730 nm), both of which produced adaptation at positive potentials ( Figure 3G ). Subtraction of the stimulated from the nonstimulated images revealed no movement at the cell body level. To ensure our method is able to detect motion, the probe was placed in contact with the apical surface (Figure 3H ). Plotting the fluorescent intensity (demarcated by the boxes in Figures 3E and 3H ) against position (starting at the top of the box) provides a profile where the cell edge is described by the transition from dark to bright. Despite robust MET current adaptation, normal probe positioning elicited only minor apical surface movements. The fraction of adaptation accounted for by cell body movement was 3.4% ± 2.9% while the percent adaptation was 64% ± 11% (n = 6). Forcing the probe onto the cell apical surface demonstrated that the system could detect small movements. Both the subtracted data and the intensity profiles detected this motion. Together, these control data support the conclusion that Ca 2+ entry or mechanical artifacts do not account for the adaptation responses at positive potentials.
Internal Ca 2+ Buffering and Adaptation Kinetics
In low-frequency hair cells, elevating Ca 2+ buffers slowed adaptation and increased the MET channel resting open probability, supporting the theory that Ca 2+ drives adaptation (Crawford et al., 1991; Fettiplace, 1992; Ricci and Fettiplace, 1997; . Here, we assess how fast and slow buffers (BAPTA versus EGTA), different buffering capacities (1 or 10 mM BAPTA), and high internal free Ca 2+ (1.4 mM) to saturate Ca 2+ -binding sites affect adaptation in the mammalian cochlea. In Figure 4 , we present activation curves obtained at À84 and +76 mV for internal solutions containing 1.4 mM Ca 2+ or 10 mM BAPTA (see Figures 2A and 2B for data with1 mM BAPTA). Adaptation was robust under all conditions tested in both OHCs and IHCs (Figures 4 A-4D) . Current adaptation models predict that in 1.4 mM Ca
2+
, where all Ca 2+ -binding sites are presumably occupied, current-displacement plots would shift rightward with reduced slopes, and activation curves would display no timedependent adaptation Figures 4E and 4F ). Only the elevated Ca 2+ internal in IHCs showed a slight difference from the EGTA-buffered condition, but not from the BAPTA condition. Together, these data support the contention that Ca 2+ is not required for adaptation. These results are in contrast to turtle auditory hair cells, where adaptation time constants varied by about a factor of four when Ca 2+ buffering was changed from 1 mM EGTA to 10 mM BAPTA and adaptation was not measurable at positive potentials (Farris et al., 2004; ; the largest variation observed here was about 0.53. Although we observed no changes in the time constants, we did see a consistent increase in the relative proportion of the slower time constant with Ca 2+ buffering and with depolarization ( Figure 4G ). Likely, this is consistent with previous work suggesting adaptation accelerates in mammalian auditory hair cells with hyperpolarization; the difference here is that using faster rise-times unmasks two phases of adaptation (Kennedy et al., 2003) .
Depolarization abolishes adaptation in low-frequency hair cells, as expected with Ca 2+ driving adaptation Crawford et al., 1989) . In mammalian auditory hair cells, we find that Ca 2+ buffering has comparatively small effects on the extent of adaptation at negative potentials ( Figure 4H ). Depolarization slightly reduced the extent of adaptation independently of Ca 2+ buffering. These data suggest a distinct voltage dependence of adaptation.
Internal Ca 2+ Buffering and Steady-State Adaptation
Adaptation theories and data from low-frequency hair cells suggest that, like depolarization, changes in Ca 2+ buffering shift the MET set point (x 0 ). In mammalian auditory hair cells, currentdisplacement plots derived from the mean data to Boltzmann fits showed that internal Ca 2+ had a limited effect on MET steady-state properties at either positive or negative potentials ( Figure 5A ). For OHCs, as internal Ca 2+ buffering increased, the set point shifted leftward < 50 nm; approximately one-third the shift seen in turtle (Ricci and Fettiplace, 1997) , and the steepest slope decreased ( Figure 5B ). Depolarization consistently shifted the set point leftward and reduced the slope for OHCs, but again, these changes were minor compared to turtle data (Ricci and Fettiplace, 1997; . Effects measured in IHCs were even smaller than in OHCs (Figures 5A and 5B) . Thus, these data further support the conclusion that Ca 2+ entry via MET channels is not required for adaptation. The effects of depolarization were comparable across internal Ca 2+ conditions, suggesting the effects on both set point and slope were voltage-and not Ca 2+ -driven. The reduced slope likely accounts for the apparent reduction in percent adaptation observed at positive potentials ( Figure 4H ), where the same shift in displacement results in a smaller change in open probability. The change in resting open probability during depolarization was more variable and complex ( Figure S3 ). The slow transient change in resting open probability ( Figures 2C and 2D ) made quantifying an adaptation driven component more tenuous. In all cases, depolarization increased resting open probability ( Figure S3C) ; for OHCs, the increase appeared greater in highly buffered conditions, while there was no trend for IHCs. Regardless of condition or measurement time, in mammalian auditory hair cells the magnitude of the change in resting open probability was much less than low-frequency hair cells in response to depolarization, once again suggesting limited Ca 2+ dependence.
We considered the possibility that sequestration or extrusion prevented the 1.4 mM Ca 2+ introduced through the patch pipette from reaching the stereocilia. This is unlikely, given the enormous volume difference between the pipette and the cell, as well as the ease with which dyes reach the tips of the stereocilia (Pan et al., 2012; . Additionally, rectification of the MET current-voltage response relationship has been observed when block of the MET channel by Ca 2+ is relieved, (Pan et al., 2012) . Here, we compared peak MET currents at À84 or +76 mV in different internal solutions and found statistically lower values in 1.4 mM Ca 2+ , supporting the argument that Ca 2+ is indeed elevated in stereocilia and blocks channel permeation from the inside ( Figure S4 ). , 1 mM EGTA, 1 mM BAPTA, and 10 mM BAPTA internals, respectively.
Shifts in the MET Current-Displacement Relationship
Steady-state shifts in MET current-displacement relationships in response to a submaximal prepulse define adaptation. In rat cochlear hair cells, paired stimulations reveal shifts in the current displacement plot following an adaptive prestep (Figures 6A and 6B; Crawford et al., 1989; Eatock et al., 1987; Vollrath and Eatock, 2003) . If Ca 2+ drives adaptation, then shifts will be absent upon depolarization to +76 mV. Comparisons across Ca 2+ buffers and membrane potentials (Figures 6A and 6B) demonstrate that neither manipulation prevents shifts in the current-displacement relationship. Shifts, quantified as the fraction of the adapting step size, were comparable for all internal Ca 2+ buffers regardless of membrane potentials ( Figures 6C  and 6D )., and there was no statistically significant difference between the shifts at À84 mV and those at +76 mV. There was a slight decrease in slope with voltage, similar to results from previous experiments (Figures 6C and 6D ; see Figure 5B ). Internal Ca 2+ levels and depolarization had no effect on the relative adaptive shift, supporting both the kinetic and steady state results above. Thus, we again conclude adaptation has little Ca 2+ dependence, and these data further support the idea that slow adaptation relying on myosin motors, as described in low-frequency hair cells, has little, if any, role in the adaptation process in mammalian auditory hair cells.
External Ca 2+ Effects In low-frequency hair cells, lowering external Ca 2+ slows or eliminates adaptation (Crawford et al., 1991; Eatock et al., 1987; Hacohen et al., 1989; Fettiplace, 1997, 1998) and produces a leftward shift in the current displacement plot, resulting in a large resting open probability (Crawford et al., 1991; Farris et al., 2006; Johnson et al., 2011; . Increasing internal Ca 2+ buffering amplifies these effects, consistent with Ca 2+ entry driving adaptation in these systems (Crawford et al., 1989 (Crawford et al., , 1991 Hacohen et al., 1989; Hudspeth and Gillespie, 1994; Ricci and Fettiplace, 1997; . Here, we used either apical perfusion or a local pipette to apply a 20 mM Ca 2+ solution onto the hair bundle of rat OHCs and observed an increase in the peak current amplitude due to removal of a Ca 2+ block of the channel ( Figure 7A ; Pan et al., 2012; . We consistently found a large change in the resting open probability, as previously described ( Figures  7A and 7B ) (Beurg et al., 2008 (Beurg et al., , 2010 . In contrast to previous data from low-frequency hair cells (Ricci and Fettiplace, 1997; , the shift observed in resting open probability was unaffected by intracellular Ca 2+ buffering. With no correction for baseline changes, our current-displacement plots underestimate the actual baseline shift, but nonetheless, reveal a large leftward shift ( Figure 7B ). Additionally, unlike in low-frequency cells, lowering external Ca 2+ did not slow the adaptation time constants in OHCs; rather, the proportion of the slower time constant was increased ( Figure 7C ). Due to the difficulty of pulling the hair bundle with our stiff probe, we used the permeable blocker dihydrostreptomycin (DHS) to provide a better estimate of resting open probability by blocking the MET current in lowered external Ca 2+ ( Figures 7D and 7E ). These results confirmed that large shifts in the resting open probability were independent of internal Ca 2+ buffering. Taken together, these data suggest that external Ca 2+ regulation of MET resting open probability is independent of adaptation and intracellular Ca 2+ levels and is mediated by an external Ca 2+ site.
DISCUSSION
Long-standing theories, largely based on data obtained from turtle, frog, and mammalian vestibular hair cells, posit that Ca 2+ entry through MET channels is required for adaptation (Corey and Hudspeth, 1983b; Crawford et al., 1991; Eatock et al., 1987; Peng et al., 2011; . Subsequent experiments identified two components of adaptation (Vollrath and Eatock, 2003; Wu et al., 1999) , each driven by Ca 2+ entry, a fast component, where multiple mechanisms have been proposed (Bozovic and Hudspeth, 2003; Cheung and Corey, 2006; Choe et al., 1998; Crawford et al., 1991; Stauffer et al., 2005 ) and a slower , 1 mM EGTA, 1 mM BAPTA, and 10 mM BAPTA are colored green, blue, black, and red, respectively. Differences observed between buffers are minimal. (B) Summary data for the MET set point (x 0 ) and the steepest slope (Z 2 ). Brown asterisks indicate paired comparisons across voltages for a given internal, black asterisks are comparisons across À84 mV. Data are presented as mean ± SD.
(motor) component, controlled by myosin isozymes (Gillespie and Cyr, 2004) . Initial work from mammalian auditory hair cells suggested adaptation was faster but largely similar to that reported in other hair cell types, and mechanisms of mammalian auditory adaptation have remained largely unexplored (Kennedy et al., 2003) . Our data challenge these views of adaptation by demonstrating that Ca 2+ entry does not drive adaptation in mammalian auditory hair cells and that motor adaptation as described in other hair cell types has at best a limited role. We also reveal a voltage-dependent effect on resting MET channel open probability and an extracellular Ca 2+ binding site that modulates the resting MET channel open probability, neither of which involve adaptation. 
Adaptation Is Not Calcium Dependent
Comparisons to Mammalian Data
Previous data from mammalian auditory hair cells support our claim that time constants are invariant with different intracellular Ca 2+ buffers (Beurg et al., 2010) . We report two time constants for fast adaptation, where the contribution of each varied with elicited an adaptive shift in the current displacement relationship at both À84 (black traces) and +76 mV (red traces). The dark and light symbols represent the current displacement plots generated before (* in M trace) and after (** in M trace) the adaptive step, respectively. Solid lines are single Boltzmann fits to the data. In OHCs (C) and IHCs (D), adaptive shifts elicited at À84 (black symbols) or +76 mV (red symbols) were calculated by taking the change in the x 0 of the Boltzmann fits (Dx 0 ) and normalizing to the adapting step size (x STEP ). No significant difference in shift was observed for either IHCs or OHCs. The slopes for I-X plot Boltzmann fits before the adapting step are plotted for each internal at À84 (black symbols) and +76 mV (red symbols). Open symbols with red connecting line highlight example traces in (A) and (B).
depolarization and with external Ca 2+ . This finding is consistent with previous studies that showed single time constant fits slowing with lowered external Ca 2+ (Beurg et al., 2010; Johnson et al., 2011) . However, the change in resting open probability with lowered external Ca 2+ varied depending on intracellular Ca 2+ buffering (Beurg et al., 2010; Johnson et al., 2011) . We similarly observed a change in resting open probability with lowered external Ca
2+
; however, our data suggest this change is independent of intracellular Ca 2+ load, likely due to an extracellular site being sensitive to Ca 2+ .
Comparisons to Low-Frequency Hair Cells
Are these data different from those of low-frequency hair cells? Due to many of the technical advances over the past years, comparisons are difficult. Formative data were obtained from enzymatically dissociated hair cells that had 10%-20% of the maximal currents recently reported Crawford et al., 1989 Crawford et al., , 1991 . Changes induced by altering Ca 2+ buffering or external Ca 2+ concentrations are diminished by larger MET currents; therefore, differences in current magnitude confound quantitative comparisons (Kennedy et al., 2003; Ricci and Fettiplace, 1997; . Furthermore, probes are much faster and adaptation varies with stimulus rise times (Wu et al., 1999) . Additionally, much of the original data came from epithelial preparations that were not voltage clamped, nor were hair bundles directly stimulated so there is no way to quantitatively compare results Hudspeth, 1983a, 1983b) . Finally, many experiments reported here have not been performed in low-frequency hair cells, so direct comparisons are not possible. Despite these limitations, there are clear differences between mammalian auditory hair cells and low-frequency cells. Adaptation is faster, and the slowest (potentially motor) component is either nonexistent or shifted in dynamic range to where stimuli greater than 75% of the maximum are required for induction (Figure 8A) . Depolarization does not shift the current displacement plot in mammalian auditory hair cells as it does in low-frequency hair cells ( Figure 8B ), and Ca 2+ does not drive the major component of adaptation in mammalian auditory hair cells.
Reconciling Data between Species, a New Hypothesis
Our data can be reconciled with low-frequency hair cell data simply by diminishing or removing motor adaptation, which would unmask the true properties of fast adaptation. We hypothesize that fast adaptation is not Ca 2+ dependent and that previous interpretations, confounded by effects of the slow motor process, were misinterpreted. We further hypothesize that by reducing or removing the slow component of adaptation, mechanotransduction operates at higher frequencies. Rather than a situation where tip links in various states of climbing and slipping would lead to slow activation and adaptation rates, as proposed for motor-based adaptation, maintaining tip links under a standing tension by having them less responsive to Ca 2+ entry will maximize the frequency response of the system ( Figure 8C ). Data from low-frequency hair cells suggest that all stereocilia rows have functional MET channels (Denk et al., 1995) , and thus the potential for motor adaptation ( Figure 8A ). However, mammalian auditory hair cells have only three rows of stereocilia with functional channels in the shorter two rows (Beurg et al., 2009 ), leaving only a single row with the potential for motor adaptation ( Figure 8A ; Peng et al., 2011) . It has been proposed that substitution of myosin VIIa for myosin Ic could alter the Ca 2+ sensitivity of the upper insertion site (Grati et al., 2012) . The lack of concentrated myosin Ic localization to the upper insertion site, coupled with the developmental mismatch between adaptation maturation and the appearance of myosin Ic in the cochlea, support this possibility (Schneider et al., 2006; Waguespack et al., 2007) . Finally, removal of Ca 2+ dependence also removes the likely rate-limiting step of Ca 2+ clearance, again ensuring highfrequency fidelity. We posit that a standing tension is required, however, this tension is not Ca
2+
-dependent, either because Ca 2+ is not changing at this site or because the molecular components differ in mammalian auditory hair cells ( Figure 8C ). This tensioning mechanism is separate from adaptation in these cells.
Control of Resting Probability of Opening, Not Just Adaptation
Another finding from this work is that the resting open probability is not simply a function of adaptation. Previous theories suggested that a feedback existed between the channel passing Ca 2+ and the tension regulation by adaptation of the tip link such that the channel resting open probability was a direct result of adaptation (Assad and Corey, 1992; Howard and Hudspeth, 1987) . Here, we find that extracellular Ca 2+ has dramatic effects on the resting open probability in an adaptation-independent manner. Two obvious sources of this effect are the tip-link protein, where Ca 2+ binding sites exist, and the lipid bilayer, where a charge-screening type of effect might alter the translation of mechanical force. Whatever this mechanism turns out to be, it is important physiologically, as it conveys sensitivity to external Ca 2+ levels found in the mammalian auditory system (Johnson et al., 2011) . Additionally, we found that upon depolarization, a transient change in MET open probability occurs that is independent of adaptation. Assuming that this reflects a change in force sensed by the MET channel, we suggest some possible mechanisms: charged proteins in series with force generation, hydrodynamic changes altering lipid tension, or intrinsic channel properties. Each possibility warrants further investigation. Additionally, whether these phenomena exist in low-frequency hair cells warrants further investigation.
Potential Mechanisms of Adaptation
What might be responsible for adaptation? Assuming the channel simply responds to force exerted upon it, then adaptation is the result of a reduced force during the stimulation. Much as originally described, it is possible that a viscoelastic element in series with the MET channel can account for adaptation (Howard and Hudspeth, 1987) . The viscoelastic element may be part of the lipid membrane, the tip link, some cytoskeleton to membrane network, or even intrinsic to the channel ( Figure 8C ). Data presented herein cannot delineate between these possibilities, but (A) A mammalian auditory hair bundle and low-frequency hair cell bundle are illustrated, depicting the potential functional rows of stereocilia (red) and the stereocilia rows that are potentially able to adapt by motor adaptation (blue). The limited potential for motor adaptation in mammalian auditory hair bundles corresponds with the much smaller percentage of motor adaptation in mammalian auditory hair bundles, which appears only at a the high extreme of the operating range (see blue plot below hair bundles). Note that this depiction assumes that previous data in low-frequency hair cells is correct for low-frequency cells, and it is possible that the contribution of motor adaptation in these cells has been overestimated. (B) Schematic of the kinetic differences between MET currents in low-frequency hair cells and mammalian auditory hair cells. Light traces are deflection away from the tallest row of stereocilia and dark traces are deflection toward the tallest row. Two pulse I-X plot shifts occur at both positive and negative potentials for mammalian auditory hair cells, but remain to be tested at positive potentials for low-frequency hair cells.
(C) Summary of potential differences in adaptation mechanisms between lowfrequency and mammalian auditory hair cells. Low-frequency hair cells are thought to have channels present at both ends of the tip-link and a Ca 2+ -dependent tension-release mechanism. Mammalian auditory hair cells have only a constant tensioning mechanism at the upper insertion point and the adaptation mechanism likely occurring at the lower insertion point (blue oval).
each is viable and has precedence. For example, hair cell lipid effects are known and modeled (Breneman et al., 2009; Hirono et al., 2004; Powers et al., 2012) . Other mechanosensitive channels such as TREK channels, bacterial mechanosensitive channels, osmotically activated channels, and C. elegans mechanosensory channels sense the lipid environment (Chemin et al., 2005; Cueva et al., 2007; Martinac et al., 1990; Patel et al., 2001; Sachs, 2010; Sachs and Morris, 1998; Sukharev and Sachs, 2012; Sukharev et al., 1997; Yoshimura et al., 2001 ).
The recently described Piezo class of mechanoreceptors has intrinsically driven adaptive properties (Coste et al., 2010) . If the hair cell MET channel responds simply to membrane stretch, than mechanisms similar to those described in these other mechanosensitive systems may be relevant.
In summary, we demonstrate that mammalian auditory hair cell MET adaptation does not depend on Ca 2+ entry, forcing a reconsideration of current views on hair cell adaptation, at least in terms of the mammalian auditory system. Additionally, we have uncovered an extracellular Ca 2+ effect and a voltagedependent effect on MET channel open probability, adding to our knowledge of the precise control of the hair cell mechanotransduction apparatus.
EXPERIMENTAL PROCEDURES Preparation and Recordings
Animals were euthanized by decapitation using methods approved by the Stanford University Administrative Panel on Laboratory Animal Care. Organs of Corti were dissected from postnatal day (P) 6-10 Sprague-Dawley rats and placed in recording chambers as previously described (Beurg et al., 2009) . Tissue was viewed using a 603 (1.0 NA, Olympus) water-immersion objective through a 1-43 magnifier onto a digital Rolera XR (Qimaging) or analog OLY-150 (Olympus) camera on a BX51 microscope (Olympus). Tissue was dissected and perfused at rates of 0.35-0.5 ml/min with external solution containing (in mM): 140 NaCl, 2 KCl, 2 CaCl 2 , 2 MgCl 2 , 10 HEPES, pH = 7.4, at 300-310 mOsm. In addition, an apical perfusion protected the hair bundles from internal solution with rates of 0.07-0.1 ml/min using pipettes with tip sizes 40-200 mm. In all preparations, the tectorial membrane was peeled off the tissue. . Experiments were performed at 18-22 C. Whole cell currents were filtered at 50-100 kHz and sampled at 1 MHz using USB-6356 (National Instruments) or Personal DAQ3000 (Iotech) controlled by jClamp (SciSoft). Traces were filtered offline at 30 kHz using Origin 8.6 (OriginLab). Voltages were corrected offline for liquid junction potentials.
Electrophysiological Recordings
For inclusion, initial MET currents greater than 600 pA in 2 mM external Ca 2+ and Mg 2+ were required. For a sample of 80 cells recorded, the clamp speed was 28 ± 6 ms with series resistance compensation, whole cell capacitance was 11 ± 1 pF, and leak currents at À84 mV holding potential were À65 ± 40 pA.
Hair Bundle Stimulation
Borosilicate pipettes were fire polished to shapes that matched the hair bundle structures for IHCs and OHCs. Probes were driven by a piezoelectric stack (AE0505D08F-Thorlabs or PSt 150/7x7/7; APC International) whose input was filtered using an 8-pole Bessel filter (L8L 90PF, Frequency Devices) at 15-30 kHz or using an eight-pole Bessel filter (FLA-01 Cygnus Technology) at 10 kHz and variably attenuated (PA5, Tucker Davis; software based with jClamp) before being sent to a high voltage/high current amplifier to drive the piezoelectric stack. In some experiments, a fluid jet was used for the stimulus (HSPC-1, ALA Scientific Instruments) driven with a 50 Hz sine wave. Silicon probes, manufactured to fit the shape of the hair bundle, had a cantilever thickness of 1-2 mm. The silicon devices were mounted to a macro-scale piezoelectric stack (AE0505D08F-Thorlabs) via an aluminum holder.
Low Ca 2+ and DHS N-(hydroxyethyl)-ethylenediaminetriacetic acid (HEDTA) buffered, solution contained (in mM): 150 NaCl, 2 KCl, 3.3 CaCl 2 , 4 HEDTA, 10 HEPES, pH = 7.4, and 310 mOsm. Free Ca 2+ concentrations were measured at 20 mM as described above. DHS (Sigma) was prepared from a 50 mM stock in external solution. Solutions were applied at the apical side of the hair cell using variably positioned glass pipettes with $7 mm tip pressure controlled with a Picospritzer III (Parker Hannafin). In some experiments an apical perfusion pipette was used for low Ca 2+ application with or without 0.2 mM DHS via a six-inlet manifold (Warner Instruments) as described previously (Ricci and Fettiplace, 1997) .
Ca
2+ Imaging
Organs of Corti from Sprague-Dawley rats and C57/BL6 mice, ages P7-P10 were harvested. High-speed swept field confocal Ca 2+ imaging (Prairie Technologies) used a 35 mm slit at 500 frames/second where the Ca 2+ indicator was excited using 488 nm laser and Alexa 594 was excited using 594 nm laser (Beurg et al., 2009) . Hair bundles were stimulated using a Picospritzer III. Data were collected and analyzed using Neuroplex (Redshirt imaging). For imaging cell movement, IHCs recordings using a Cs BAPTA internal with 0.2 mM Alexa 594 were imaged, while hair bundles and cells were stimulated with a stiff glass stylus. Data were analyzed in MATLAB (MathWorks) by averaging ten frames before and after the stimulus; then three or five horizontal pixels were averaged together in the selected region of interest. These averages plotted against the vertical position were fit with a single Boltzmann equation (Equation 1):
where A is an offset, Z is the slope, and x 0 is the operating point. Fits for each imaging trial were constrained to have the same A, I max , and Z values. The operating points were used to calculate the movement of the cell.
Photodiode Motion Recording
A dual photodiode detector (SPOT-3D, OSI Optoelectronics) with a custom differential amplifier circuit monitored the hair bundle motion at 6003 magnification. Hair bundle motions were calibrated by moving the detector across the hair bundle with a precision motor actuator (LTA-HS, Newport) driving a linear stage (436, Newport). Photodiode signal was filtered offline at 5 kHz using Origin 8.6.
Data Analysis I-X plots, generated by subtracting leak current and normalizing to the peak current, were fit with single Boltzmann functions (Equation 1) obtained from paired pulse experiments and relative shifts calculated from the change in x 0 normalized to the adapting step size. Single Boltzmanns were used here so that x 0 corresponded to the half activation.
I-X plots at À84 mV and +76 mV for different internal and external Ca 2+ conditions were generated as above, but fit to a where Z 1 and Z 2 are the slope factors and x 0 represents the operating point. Throughout the manuscript, Z 2 is presented as the slope. I-X plots were generated for +76 mV potentials by zeroing the MET traces prior to mechanical stimulus onset except when noted. For steps, adaptation time constant fits were obtained at $50% peak current using a double exponential decay ( where t 1 , t 2 , and t 3 are the reported decay constants and A 1 , A 2 , and A 3 are the amplitudes of respective decay components. t 3 values were limited to a maximum of 50 ms. Percent adaptation was calculated as (1À I steady state /I peak ) * 100. Data were analyzed using jClamp and graphs created using Origin 8.6 and Adobe Illustrator. Statistical analysis used two-tailed Student's t tests with Excel (Microsoft). All p values presented used paired t tests with comparisons within a cell, and unpaired unequal variance tests across cell conditions. Significance (p values) are * p < 0.05, ** p < 0.01, *** p < 0.005. Data are presented as mean ± SD.
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